San Jose State University

SJSU ScholarWorks
Mineta Transportation Institute Publications
Winter 12-1-2019

Design of a Feedback-Controlled Wireless Converter for Electric
Vehicle Wireless Charging Applications
Mohamed O. Badawy
San Jose State University, mohamed.badawy@sjsu.edu

Follow this and additional works at: https://scholarworks.sjsu.edu/mti_publications
Part of the Transportation Commons

Recommended Citation
Mohamed O. Badawy. "Design of a Feedback-Controlled Wireless Converter for Electric Vehicle Wireless
Charging Applications" Mineta Transportation Institute Publications (2019).

This Report is brought to you for free and open access by SJSU ScholarWorks. It has been accepted for inclusion in
Mineta Transportation Institute Publications by an authorized administrator of SJSU ScholarWorks. For more
information, please contact scholarworks@sjsu.edu.

Project 1835 December 2019

Design of a Feedback-Controlled Wireless Converter for
Electric Vehicle Wireless Charging Applications

Mohamed O. Badawy, PhD

M I N E TA T R A N S P O RTAT I O N I N S T I T U T E

transweb.sjsu.edu

MINETA TRANSPORTATION INSTITUTE
LEAD UNIVERSITY OF

Mineta Consortium for Transportation Mobility

MTI FOUNDER
Hon. Norman Y. Mineta

MTI BOARD OF TRUSTEES
Founded in 1991, the Mineta Transportation Institute (MTI), an organized research and training unit in partnership with the
Lucas College and Graduate School of Business at San José State University (SJSU), increases mobility for all by improving the safety,
efficiency, accessibility, and convenience of our nation’s transportation system.Through research, education, workforce development,
and technology transfer, we help create a connected world. MTI leads the four-university Mineta Consortium for Transportation
Mobility, a Tier 1 University Transportation Center funded by the U.S. Department of Transportation’s Office of the Assistant
Secretary for Research and Technology (OST-R), the California Department of Transportation (Caltrans), and by private grants
and donations.
MTI’s transportation policy work is centered on three primary responsibilities:
Research
MTI works to provide policy-oriented research for all levels of
government and the private sector to foster the development
of optimum surface transportation systems. Research areas
include: bicycle and pedestrian issues; financing public and private
sector transportation improvements; intermodal connectivity
and integration; safety and security of transportation systems;
sustainability of transportation systems; transportation / land use /
environment; and transportation planning and policy development.
Certified Research Associates conduct the research. Certification
requires an advanced degree, generally a Ph.D., a record of
academic publications, and professional references. Research
projects culminate in a peer-reviewed publication, available on
TransWeb, the MTI website (http://transweb.sjsu.edu).
Education
The Institute supports education programs for students seeking a
career in the development and operation of surface transportation
systems. MTI, through San José State University, offers an AACSBaccredited Master of Science in Transportation Management and
graduate certificates in Transportation Management,Transportation
Security, and High-Speed Rail Management that serve to prepare
the nation’s transportation managers for the 21st century.With the

active assistance of the California Department ofTransportation
(Caltrans), MTI delivers its classes over a state-of-the-art
videoconference network throughout the state of California
and via webcasting beyond, allowing working transportation
professionals to pursue an advanced degree regardless of their
location. To meet the needs of employers seeking a diverse
workforce, MTI’s education program promotes enrollment to
under-represented groups.
Information and Technology Transfer
MTI utilizes a diverse array of dissemination methods and
media to ensure research results reach those responsible
for managing change. These methods include publication,
seminars, workshops, websites, social media, webinars,
and other technology transfer mechanisms. Additionally,
MTI promotes the availability of completed research to
professional organizations and journals and works to
integrate the research findings into the graduate education
program. MTI’s extensive collection of transportation- related
publications is integrated into San José State University’s
world-class Martin Luther King, Jr. Library.

Founder, Honorable Norman
Mineta (Ex-Officio)
Secretary (ret.), US Department of
Transportation
Vice Chair
Hill & Knowlton, Inc.
Honorary Chair, Honorable Bill
Shuster (Ex-Officio)
Chair
House Transportation and
Infrastructure Committee
United States House of
Representatives
Honorary Co-Chair, Honorable
Peter DeFazio (Ex-Officio)
Vice Chair
House Transportation and
Infrastructure Committee
United States House of
Representatives
Chair, Grace Crunican
(TE 2019)
General Manager
Bay Area Rapid Transit District
(BART)
Vice Chair, Abbas Mohaddes
(TE 2018)
President & COO
Econolite Group Inc.
Executive Director,
Karen Philbrick, Ph.D.
Mineta Transportation Institute
San José State University

Richard Anderson (Ex-Officio)
President and CEO
Amtrak
Laurie Berman (Ex-Officio)
Director
California Department
of Transportation
Donna DeMartino (TE 2018)
General Manager and CEO
San Joaquin Regional Transit District
Mortimer Downey* (TE 2018)
President
Mort Downey Consulting, LLC
Nuria Fernandez* (TE 2020)
General Manager & CEO
Santa Clara Valley Transportation
Authority
John Flaherty (TE 2020)
Senior Fellow
Silicon Valley American
Leadership Forum
Rose Guilbault (TE 2020)
Board Member
Peninsula Corridor Joint
Powers Board
Ed Hamberger (Ex-Officio)
President & CEO
Association of American Railroads

Will Kempton (TE 2019)
Retired
Art Leahy (TE 2018)
CEO
Metrolink
Jean-Pierre Loubinoux
(Ex-Officio)
Director General
International Union of Railways (UIC)

Paul Skoutelas (Ex-Officio)
President & CEO
American Public Transportation
Authority (APTA)
Beverley Swaim-Staley
(TE 2019)
President
Union Station Redevelopment
Corporation
Larry Willis (Ex-Officio)
President
Transportation Trades Dept.,
AFL-CIO

Bradley Mims (TE 2020)
President & CEO
Conference of Minority
Transportation Officials (COMTO)

Bud Wright (Ex-Officio)
Executive Director
American Association of State
Highway and Transportation
Officials (AASHTO)

Jeff Morales (TE 2019)
Managing Principal
InfraStrategies, LLC

(TE) = Term Expiration
* = Past Chair, Board of Trustees

Dan Moshavi, Ph.D. (Ex-Officio)
Dean
Lucas College and Graduate
School of Business
San José State University

Research Associates Policy Oversight Committee

Karen Philbrick, Ph.D.

Ben Tripousis

Frances Edwards, Ph.D.

Executive Director

National High-Speed Rail
Connectivity Center Director

Political Science
San José State University

Jan Botha, Ph.D.

Taeho Park, Ph.D.

Asha Weinstein Agrawal, Ph.D.

Hilary Nixon, Ph.D.

The contents of this report reflect the views of the authors, who are responsible for the facts and accuracy of the information presented
herein. This document is disseminated in the interest of information exchange. The report is funded, partially or entirely, by a grant from the U.S.
Department of Transportation’s University Transportation Centers Program. This report does not necessarily reflect the official views or policies
of the U.S. government, State of California, or the Mineta Transportation Institute, who assume no liability for the contents or use thereof.
This report does not constitute a standard specification, design standard, or regulation.

Diane Woodend Jones (TE 2019)
Principal & Chair of Board
Lea + Elliot, Inc.

Dan Smith (TE 2020)
President
Capstone Financial Group, Inc.

Directors

Education Director
National Transportation Finance Center
Urban and Regional Planning
San José State University

Disclaimer

Steve Heminger* (TE 2018)
Executive Director
Metropolitan Transportation
Commission (MTC)

Civil & Environmental Engineering
San José State University

Organization and Management
San José State University

Katherine Kao Cushing, Ph.D.

Christa Bailey

Research & Technology Transfer Director

Enviromental Science
San José State University

Brian Michael Jenkins

Dave Czerwinski, Ph.D.

National Transportation Safety and
Security Center Director

Marketing and Decision Science
San José State University

Martin Luther King, Jr. Library
San José State University

REPORT WP 19-09

DESIGN OF A FEEDBACK-CONTROLLED WIRELESS
CONVERTER FOR ELECTRIC VEHICLE WIRELESS
CHARGING APPLICATIONS
Mohamed O. Badawy, PhD

December 2019

A publication of

Mineta Transportation Institute
Created by Congress in 1991

College of Business
San José State University
San José, CA 95192-0219

TECHNICAL REPORT DOCUMENTATION PAGE
1. Report No.
WP 19-09

2. Government Accession No.

3. Recipient’s Catalog No.

4. Title and Subtitle
Design of a Feedback-Controlled Wireless Converter for Electric Vehicle
Wireless Charging Applications

5. Report Date
December 2019

7. Authors
Mohamed O. Badawy, PhD, https://orcid.org/0000-0001-5128-3176

8. Performing Organization Report
CA-MTI-1823

9. Performing Organization Name and Address
Mineta Transportation Institute
College of Business
San José State University
San José, CA 95192-0219

10. Work Unit No.

12. Sponsoring Agency Name and Address

13. Type of Report and Period Covered
Final Report

U.S. Department of Transportation
Office of the Assistant Secretary for
Research and Technology
University Transportation Centers Program
1200 New Jersey Avenue, SE
Washington, DC 20590

6. Performing Organization Code

11. Contract or Grant No.
69A3551747127

14. Sponsoring Agency Code

15. Supplemental Notes

16. Abstract
Electric vehicles (EVs) have played an important role in the modern transporta-tion system in recent years. However, current
generations of EVs face unsolved drawbacks such as short driving range, long charging time, and high cost due to expensive
battery systems. Wireless Power Transfer (WPT) is a promising technology that is able to mitigate the drawbacks EVs are
facing. This paper focuses on investigating and building a complete high-efficiency WPT system that is capable of efficiently
charging electric vehicles. The goal is to design and ap-ply two different configurations of compensation networks to the WPT
system. In this paper, the two compensation network configurations studied are LLC and LCC. After comparing their operational
characteristics and efficiencies, the most suitable configuration is proposed. Moreover, a phase-shifted controller is applied in
order to regulate the power transferred through the WPT system.

17. Key Words
Electric vehicle charging, refueling,
electric vehicles

18. Distribution Statement
No restrictions. This document is available to the public through
The National Technical Information Service, Springfield, VA 22161

19. Security Classif. (of this report)
Unclassified

20. Security Classif. (of this page)
Unclassified

Form DOT F 1700.7 (8-72)

21. No. of Pages
19

22. Price

Copyright © 2019
by Mineta Transportation Institute
All rights reserved

Mineta Transportation Institute
College of Business
San José State University
San José, CA 95192-0219
Tel: (408) 924-7560
Fax: (408) 924-7565
Email: mineta-institute@sjsu.edu

transweb.sjsu.edu

121119

iv

ACKNOWLEDGMENTS
The authors thank Editing Press, for editorial services, as well as MTI staff, including
Executive Director Karen Philbrick, PhD; Deputy Executive Director Hilary Nixon, PhD;
Graphic Designer Alverina Eka Weinardy; and Executive Administrative Assistant Jill Carter.

Cover photo is a demonstration of wireless charge during parking in Tokyo Motor Show
2011 taken by NJo (https://commons.wikimedia.org/wiki/File:Electric_car_wireless_parking_
charge_closeup.jpg). Licensed under Creative Commons.

Min e ta Tra n s p o rt a t io n I n s t it u t e

v

TABLE OF CONTENTS
I. Introduction

3

II. Compensation Network

4

Dual-sided LCC Network

4

Resonant LLC Network

5

III. Design of Transmitting and Receiving Coils

8

IV. Phase-Shifted Controller

9

V. Simulation Results
VI. Hardware Implementation

12
15

VII. Conclusion

16

Abbreviations and Acronyms

17

Endnotes

18

Bibliography

19

About the Authors

20

Peer Review

21

Min e ta Tra n s p o rt a t io n I n s t it u t e

vi

LIST OF FIGURES
1. Wireless Power Transfer for Electric Vehicles

3

2. Dual-Sided LCC Wireless Power Converter

3

3. Dual-Sided LCC Resonant Tank

4

4. LLC Resonant Tank

5

5. Plots of Voltage Gain Function for an LLC Converter

7

6. Single-Sided Double D Coils

8

7. Wireless Power Transfer with Dual-Sided LCC Compensation Network

9

8. Wireless Power Transfer with LLC Compensation Network

10

9. Phase-Shifted Control Algorithm

10

10. Phase-Shifted Control Waveform

12

11. Current and Voltage Waveforms

13

12. Coupling Coefficient – Air Gap Variation – Slide_X Misalignment

13

13. Developed Dual-Sided LCC Converter Prototype

15

Min e ta Tra n s p o rt a t io n I n s t it u t e

1

I. INTRODUCTION
Wireless power transfer (WPT), as shown in Fig. 1, is an advanced technology which is
able to solve the technical drawbacks of electric vehicles (EVs). The operation of a wireless
power transfer system is similar to that of inductive power transfer (IPT) technology. Indeed,
in a WPT system, power transfers through mutual inductance between the transmitting and
receiving coils.1 Additionally, WPT systems eliminate any risks related to electrical shock.

AC/DC
with PFC

DC to high
frequency
AC

AC

Receiving Coil

Primary
Compensation

Battery

AC/DC

Secondary
Compensation
Transmitting Coil

Figure 1. Wireless Power Transfer for Electric Vehicles
The complete configuration of WPT includes four main parts: input rectifier, input
H-bridge inverter, resonant tank (often known as compensation network), and output
rectifier, as shown in Fig. 2. This report focuses on the design of a compensation
network including an LCC along with its control algorithm. Additionally, the use of an
LLC network is explored in this report and a comparison analysis is conducted between
the compensation networks investigated.

Figure 2. Dual-Sided LCC Wireless Power Converter
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II. COMPENSATION NETWORK
One of the characteristics of a WPT system is that air gap variation and misalignment
between two coils are unavoidable. In addition, since the air gap between transmitting
and receiving coils in a WPT system is large, the coupling coefficient is small. The value
of the coupling coefficient depends on the air gap, alignment, and design of transmitting
and receiving coils. The most popular problem among WPT systems is that the small
value of the coupling coefficient limits the power transferred through two coils. Thus, a
compensation network such as LCC or LLC is required to increase the coupling coefficient.
Moreover, in modern power electronics systems, achieving soft switching such as Zero
Voltage Switching (ZVS) is critical in order to increase efficiency and reduce the size of the
systems.2 This report proposes two series-parallel resonant converters (SPRC) which will
act as the compensation network of the WPT system.

DUAL-SIDED LCC NETWORK
The dual-sided LCC compensation network, as shown in Fig. 3, uses two capacitors and
one inductor for each side. The LCC network has outstanding characteristics that are
able to improve the performance of WPT systems. Particularly, LCC converter yields zero
voltage switching mode; therefore, it improves the efficiency of the WPT system. Moreover,
utilizing an LCC compensation network enables unity power factor for both the input side
and the output rectifier.

Figure 3. Dual-Sided LCC Resonant Tank
Based on the theoretical analysis, there are four important conclusions:
• If ILf1 and UAB are in phase

unit power factor of input side is achieved.

• If ILf2 and Uab are in phase

unit power factor of output side is achieved.

• The phase relation is independent of the coupling coefficient or the load variations.
• The power transferred through LCC tank depends on the coupling coefficient k and
the input and output voltage of resonant tank UAB , Uab .
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To achieve soft switching, there must be a small portion of reactive power on the primary
side. Thus, the LCC network is often tuned to ensure that the phase between voltage and
current is close to zero, but not completely zero. In this paper, Zero Voltage Switching is
the desired mode. Since the reactive power is quite small, it does not affect the pure power
factor characteristics. In particular, the phase between voltage and current is close to zero
after the tuning process.3 One method to obtain Zero Voltage Switching is to configure the
system so that switches turn on with a negative current. To ensure this negative turn-on
current, the turn-off current of MOSFETs has to be positive. This report proposes a tuning
method that can yield conditions for ZVS regardless of coupling coefficient.

RESONANT LLC NETWORK
The LLC compensation network can control the output over wide load variation with a
small change in switching frequency. Moreover, soft switching can be achieved by tuning
the parameters of the inductors and the capacitor. The structure of the LLC resonant tank is
depicted in Fig. 4. The configuration of the LLC resonant converter includes one capacitor
and two inductors, known as an LLC structure. The first inductor Lr is called the leakage
inductor, while the second Lm is the magnetizing inductor. The resonant capacitor is Cr.
The resonant frequency of the LLC resonant tank is denoted as

The voltage gain function of the resonant tank is expressed as

where

: normalized frequency;

: inductance ratio;

Re : reflected load resistance.

Figure 4. LLC Resonant Tank
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Fig. 5 describes the curve of the voltage-gain function with the normalized switching
frequency for various values of and fixed value of . In Fig. 5, lower curve represents a
lighter load condition, while higher describes a heavier load operation. In addtion, each
curve has a peak point such that is the maximum. To the right of the peak is the inductive
operation region, and to the left of the peak is the capacitive operation region. The resonant
tank is designed in order to operate in the inductive region for the entire input votage and
load range and never to fall into the capacitive region. Moreover, in Fig. 5, every curve
meets and goes through the point (,) = (1,1). At this point, the switching frequency is equal
to the resonant frequeny and the gain of the resonant tank is unity. In other words, when ,
the operation of the resonant tank is independent of loading conditions. Thus, it is desirable
to operate the resonant tank at . Moreover, when working at resonant frequency, LLC
resonant tank yields conditions for Zero Voltage Swiching mode that increase efficiency
and reduce the converter size.4

Min e ta Tra n s p o rt a t io n I n s t it u t e
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Figure 5. Plots of Voltage Gain Function for an LLC Converter
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III. DESIGN OF TRANSMITTING AND RECEIVING COILS
The next step is to build a simulation model of transmitting and receiving coils in Ansys/
Maxwell as shown in Fig 6. The purpose of this step is to investigate fully the operation of
two coils in WPT applications. Finally, the co-simulation between Matlab/Simulink, Ansys/
Simplorer, and Ansys/Maxwell will be carried out. In particular, the controller is simulated
in Matlab/Simulink, the transmitting and receiving coil are simulated in Ansys/Maxwell, and
the remaining parts are simulated in Ansys/Simplorer.
In this project, the Polarized Single-Sided Flux Pad topology is applied for the design of
transmitting and receiving coils. Since the coils are wound like a “D shape”, this topology
is also called a Double-D (DD) structure. The DD structure yields valuable characteristics
which are desired for wireless charging systems with EV applications. For instance, the
charge zone for a DD pad could be about twice as large compared to a conventional circular
pad with similar material cost. Moreover, the DD structure is capable of improving the
coupling coefficient of transmitting and receiving coils compared to traditional coil designs.
The structure of the transmitting coil and receiving coil includes two windings, which are
connected magnetically in series and electrically in parallel. The coil width is made up of
20 turns of 4mm-diameter Litz wire. The ferrite bars are implemented in order to guide and
enhance the magnetic fields. In addition, an aluminum plate is used as the shielding layer
and heat sink.

Figure 6. Single-Sided Double D Coils
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IV. PHASE-SHIFTED CONTROLLER
In charging applications, there is a need to regulate the amount of energy charging the
EVs. There are three popular control methods, known as primary side control, secondary
side control, and dual-side control. The name of each method indicates where the control
is applied. In this paper, the controller is applied at the primary side.
Primary side control could be accomplished by adjusting the switching frequency or the
phase-shift between Mosfet legs. The compensation network of the WPT system is a
resonant converter, thus, the switching frequency adjustment is not adequate at all loading
conditions. In particular, wide switching frequency variation could lead the resonant
converter to lose soft switching ability.
In this paper, the primary side control, known as phase-shifted control, is applied in order
to regulate the transferred power. Fig. 7 shows the configuration of the WPT system with
LCC compensation network. In the phase-shifted controller, at the first leg, MOSFETs QA
and QB switch at 50% duty cycle with their PWM signals 180 degrees out of phase of
each other. Similarly, at the second leg, MOSFETs QC and QD switch at 50% duty and
180 degrees out of phase. In this control method, the switching frequency is fixed and the
amount of phase shift between the MOSFET legs determines the transferred power.
Figure 9 shows the configuration of the phase-shifted controller. In this controller, the J-K
and RS flip-flop are implemented. The J-K flip-flop block models a negative-edge-triggered
J-K flip-flop. The S-R flip-flop block models a simple set-reset flip-flop. In addition, the
Monostable block generates the dead time between switches at the same leg. In this
project, the dead time is 150 ns.
The remainder of this section will describe the operation of the phase-shifted controller.
The PI controller (outer voltage loop) will provide the reference current Iref based on the
output current reference I0_ref defined earlier. This reference current Iref is compared to the
input current of the converter (Idc ).
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Wireless PowerTransfer with LLC Compensation Network
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0
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CONST
Iload
0

Figure 8. Wireless Power Transfer with LLC Compensation Network

Figure 9. Phase-Shifted Control Algorithm
Figure 9b illustrates the generation of the gate drive signals of QA&QB. As is known, if
gates J and K are connected to a true signal, the J-K flip-flop toggles the output Q when
there is a falling-edge at the Clk gate. In Fig. 9b, the Clk gate is connected to a pulse
whose frequency is f = 170 khz and the duty ratio is D = 0.05. This configuration gives an
85 khz; D = 0.5 pulse at the output of J-K flip-flop. This frequency is exactly the switching
frequency. Then, the Monostable block excites the deadtime. Here, the deadtime is td
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= 150 ns. In particular, the switching frequency of QA&QB is 85 khz, the duty ratio is D =
0.5, and the deadtime 150 ns. In addition, QA and QB switch 180 degrees out of phase of
each other.
In Fig 9a, assume that at the beginning, QC = 0 and QD = 1. Consequently, signal c is 0. If Idc
> Iref, signal a is 0, signal b is 1, and nothing changes in the circuit. This means that QC = 0
and QD = 1. However, if Idc > Iref, signal a becomes 1; therefore, there is a rising-edge signal
that goes to the R gate of R-S flip-flop. Consequently, the ouput of R-S flip-flop, signal b, is
reset to 0. At that time, this falling edge goes to the Clk gate of J-K flip-flop. Since both the J
and K gates are connected to 1, signal c is toggled from 0 to 1 when a falling edge occurs.
In other words, when Idc > Iref, the gate drive signal QD is reset from 1 to 0. In addition, after
the deadtime tdead = 150 ns, the gate drive signal QC is set. The analysis is the same for the
case when, initially, QC = 1 and QD = 0.
Therefore, by controlling the phase between MOSFETs, it is possible to control the power
transferred through the transmitting and receiving coils.
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V. SIMULATION RESULTS
A simulation model of the Wireless Power Transfer system, as shown in Fig. 7 and Fig. 8,
was built in Ansys/Simplorer. Simulation results agree well with the theoretical analysis.
The effect of misalignment to the system was investigated by running the simulation under
three different values of coupling coefficient k. Both the LCC and LLC configuration yield
the desired characteristics. Nevertheless, for wireless power transfer applications, dualsided LCC topology is more promising than LLC topology. Indeed, the LCC yields more
efficiency than does the LLC topology. Also, the LCC compensation produces soft switching
conditions as well as pure power factor correction. Therefore, this section focuses on the
analysis of WPT with dual-sided LCC compensation network.
In addition, Fig. 10 shows the waveforms of the phase-shifted controller. According to the
waveforms, there is a phase shift between QA and QD as well as QB and QC. This phase
shift determines the power transferred through two coils.
Fig. 11 shows the waveform of VAB &IAB and Vab &Iab, the input and output signals of the
LCC compensation network. According to the waveforms, both VAB &IAB and Vab &Iab have
the unity power factor correction. Indeed, the voltage and current signals are in phase with
each other. This characteristic is significant, as it maximizes the power transferred through
transmitting and receiving coils.
Furthermore, as shown in Fig. 11, the LCC compensation network yields soft switching at
all MOSFETs. In particular, the voltage of MOSFETs is zero when the current of MOSFETs
is increasing. This means that there is no switching loss when then the MOSFETs conduct.
Therefore, the total losses of a WPT system are significantly reduced by using an LCC
compensation network.
Fig. 12 displays the variations in the coupling coefficient with respect to both, vertical and
horizontal misalignments.

Figure 10. Phase-Shifted Control Waveform
Min e ta Tra n s p o rt a t io n I n s t it u t e
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a) VAB &IAB

b) Vab &Iab

c) Voltage and Current of MOSFET QA

d) Voltage and Current of MOSFET QB

e) Voltage and Current of MOSFET QC

f) Voltage and Current of MOSFET QD

Figure 11. Current and Voltage Waveforms

Figure 12. Coupling Coefficient – Air Gap Variation – Slide_X Misalignment
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The aim of this project is to design a configuration of two coils which is able to produce
a coupling coefficient k = [0.15,0.3] at the normal air gap y = 200 mm and Slide_X
misalignment SlideX = 50 mm. The air gap y = 200 mm is selected since this distance
is also the normal gap between an electric vehicle’s floor and the ground. The preferred
Slide_X between two coils is 50 mm because drivers with normal driving skills are able to
park cars in that range of misalignment between the transmitting and receiving coils.
According to Fig 12, the coupling coefficient decreases when the air gap variation or
Slide_X misalignment increases. Furthermore, at air gap = 200 mm and SlideX = 50 mm,
the coupling coefficient is k = 0.2.
The simulation system efficiency from a DC power source to power the electronics load is
97.48% for maximum power with coupling coefficient of 0.25.
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VI. HARDWARE IMPLEMENTATION
According to the simulation results, it is concluded that for wireless power transfer for EV
applications, the double-sided LCC converter is more promising than LLC. Therefore, in
this project, a hardware prototype of a wireless power transfer system using Double-Sided
LCC converter has been built.
The prototype design of 3.3 kw wireless charging system is designed using Altium Designer.
The DSP TMS320F28379D is used in order to implement phase-shifted controller algorithm
and generate PWM signals.
The specifications are as follows: input voltage is 400 V, and 3.3 kw; 400 V power electronics
loads are used to take the position of a real battery pack. The 800-strand AWG-38 Litz wire
is used to make the transmitting and receiving coils. The coil dimension is 740 mm length
and 430 mm in width.
To ensure isolation for this high-power application, all gate drivers, sensors, and voltage
regulators are isolated from the digital signal side. A four-layer printed circuit board is used
to ensure compactness of the hardware.

Figure 13. Developed Dual-Sided LCC Converter Prototype
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VII. CONCLUSION
A dual-sided resonant LCC converter and an LLC converter are simulated and analyzed
for EV wireless charging applications. The designed converter can achieve a high system
efficiency due to its soft switching features. A feedback frequency control is applied on
the converter to increase the system efficiency while tracking the output power. The
simulation model is fully developed and analyzed using LTspice, MATLAB, and Ansys
Simplorer/Maxwell. The simulation system efficiency from a DC power source to power
the electronics load is 97.48% for maximum power with coupling coefficient of 0.25.
A prototype is developed to prove the system’s functionality and efficient performance
under different operating conditions.
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ABBREVIATIONS AND ACRONYMS
Please provide a list of abbreviations/acronyms and their definitions here. The template
uses a table, which will be properly formatted during the publication process. Add additional
rows as needed.
EV
WPT
LLC
LCC
Lr
Cr
Rm
ZVS
IPT

Electric vehicle
Wireless power transfer
Inductor, inductor and capacitor
Inductor, capacitor and capacitor
Leakage inductor
Resonant capacitor
Magnetizing inductor
Zero voltage switching
Inductive power transfer
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